Abstract To study the effect of the degree of scoliosis, degree of hypokyphosis/lordosis and rotation of apical vertebra on individual lung volume (measured with CT scan) in asymptomatic adolescent idiopathic scoliosis (AIS) patients. Individual (right and left) lung volume, angle of kyphosis and rotation of apical vertebra, were measured in 77 asymptomatic AIS patients having right thoracic curve, using modern computed tomography (CT) scan. To compare, lung volumes were measured in 22 normal persons (control group). The ratio of ''right to left lung volume (convex to concave side)'' was obtained and compared among these groups. With increased Cobb's angle, ratio of convex to concave lung volume increased. For Cobb's angle more than 40°, it was increased significantly (P = 0.0042). A significant degree of correlation was found between axial rotation angle of apical vertebra and right to left lung volume ratio (P = 0.0067, r = 0.271). A significant inverse correlation was found between the angle of kyphosis and right to left lung volume ratio, i.e., as the angle of kyphosis decreased the convex to concave lung volume ratio increased (P = 0.0109, r = -0.255). In asymptomatic, AIS patients, with increase in degree of curvature, and rotation of apical vertebra, the ratio of convex to concave side lung volume increases; indicating concave side lung volume is comparatively more affected (decreased) than convex side lung volume. On the other hand with decrease in the angle of kyphosis the convex to concave lung volume ratio increases indicating kyphotic angle has an inverse relation to convex to concave lung volume ratio.
Introduction
Nash and Nevins [18] , Smith et al. [22] , and Ogilvie and Schendel [19] suggested that severe degree of scoliosis affects the size and dimension of thoracic cage and hence the pulmonary function. After 90°of curvature, there is a severe affection of the lung volume and it is of restrictive type due to the reduction in vital capacity, a twice likely hood of early death from cor pulmonale [8, 13] . Differences of opinion exist about relationship of severity of scoliosis and degree of pulmonary compromise. Westgate and Moe [25] and Smith et al. [22] suggested a direct relation; while Gazioglu et al. [7] , Muirhead and Conner [17] and Upadhyay et al. [24] found no correlation in idiopathic curves. These studies were based on assessment of the pulmonary function tests [9, 10] . With modern computed tomography (CT) scan it is now possible to measure lung volume, vertebral rotation and angle of kyphosis accurately [4] [5] [6] 24] . The purpose of our study was to document the effect of severity of curve, rotation and kyphosis on individual lung volumes, in adolescent idiopathic scoliosis (AIS). The lung volume is expected to be lower on the concave side due to the rotational effect of the curve causing crowding of ribs which leads to decreased hemi thoracic cavity and the lung volume.
Materials and methods
From December 2003 to April 2004, cross sectional study in 99 cases (77 AIS patients and 22 normal, control group) was performed with informed consent and approval from institutional review board. In AIS patient group, there were 63 females and 14 males; and their age varied from 10 to 22 years with mean of 13.8 years. The control group was randomly picked from the pediatric out-patient clinic with informed consent. There were 10 females and 12 males; and their age varied from 11 to 17 years with mean of 13.3 years.
Standard anterior-posterior and lateral radiographs, showing the complete spine, were obtained for all the patients and control group in standing position. Cobb's angles were measured using anterior-posterior radiographs. All 77 curves were idiopathic, right sided, with apex in between T7 and T9 vertebra. Upper end vertebra varied from T1 to T3 and lower end vertebra varied from T11 to L1. Out of 77 curves 68 curves were King Type II and 9 were King Type III. Patients with left sided thoracic curve, King's type I, IV and V or congenital scoliosis were excluded from the study.
Pulmonary function tests were conducted in the study group. All scoliosis patients were free of any respiratory complaint (asymptomatic) and all of them had normal PFT (FEV1/FVC [ 80%. FEV1 [ 80%). Patients with respiratory symptoms and abnormal PFT were also excluded from the study.
Lung volume assessment
Computed tomography (CT) images of the thorax were obtained in all the 77 AIS patients and 22 control group, using a commercially available, 16 channel multi-detector row, scanner (Sensation 16, Siemens, Erlangen, Germany). Images were acquired from the lung apex to base, at full inspiration, in the low dose protocol (tube current 60 mA; tube voltage 120 kV). For all patients and control group, scanning was done at 1.5 mm collimation, and sections were obtained at 7 mm intervals (section thickness) (Fig. 1) .
The individual right (convex side lung) and left (concave side lung) lung volumes (Fig. 2) , angle of kyphosis and degree of rotation of the apical vertebra in axial plane (Figs. 3, 4) were measured in each case using the 3D image reconstruction software (RAPIDIA 2.7, INFINITT, South Korea) [3, 12, 26, 27] which has sensitivity of 94.25 with 1-mm collimation, 80% with 2.5 collimation described in the literature [26] . This program recognizes, the ''Air density shade'' of the lung, and volume for every section of the lung ; which then automatically calculate the volume for individual lung by summation of all section volumes (Fig. 2) . All the CT scans were performed on the same machine and volumes were calculated by a radiologist who was unaware of purpose of the study.
Measurement of apical vertebral rotation performed on CT scan using Aaro-Dahlborn method (angle between line joining center of vertebral body to center of spinal canal and midsagittal plane) and angle of kyphosis measured on lateral X-ray of spine using Cobb's method (angle between upper end plate of superior and lower end plate of inferior end vertebrae).
Statistical analysis
Patients with AIS were divided into three groups as mild, moderate and severe groups. This division was based on the degree of Cobb's angle as follows: mild group (group A): Cobb's angle 11-25°; moderate group (group B): Cobb's angle 26°-40°; severe group (group C): Cobb's angle more than 40° (Table 1) . Values of ''Right to Left Lung Volume Ratio'' were compared among the control group and group A, B, and C separately. Kruskal-Wallis method was used for analysis of relationship between Cobb's angle and lung volume ratio.
Pearson correlation analysis was used for analysis of relation between degree of rotation of apical vertebra and lung volume ratio, and for analysis of relation between angle of kyphosis and lung volume ratio.
Results
The results for relation between degree of severity of curve, and convex to concave lung volume ratio, are shown in Table 2 .
From Table 2 it is clear that with increase in the degree of severity of the scoliosis (Cobb's angle) from group A to C, the ratio of convex to concave lung volume increases. But this increase in ratio was not statistically significant for group A and B when compared with control. For group A and B (Cobb's \40°) the values of P = 0.012; Pearson's correlation +0.302 are statistically less significant than for group C (Cobb's [40°) where this ratio is increased significantly P = 0.0042; Pearson's correlation +0.437.
The Pearson's correlation between left lung volume and Cobb's angle is r = -0.345 when compared to the right lung volume r = -0.268 indicating that the concave side lung volume is significantly more affected than the convex volume. Similar correlation is seen even at low curves where the Pearson's correlations are r = -0.207 and r = -0.143, respectively for left and right lung volumes.
Relationship of, degree of rotation of apical vertebra, and ratio of convex to concave lung volume, is shown in scatter gram in Fig. 5 . There was significant degree of correlation between axial rotation angle of apex, and right to left lung volume ratio (P = 0.0067 for apical rotation, Pearson's correlation 0.271 for right to left lung volume ratio). There was a significant degree of inverse correlation between angle of kyphosis and right to left lung volume ratio (P \ 0.0109, Pearson's correlation -0.255) in total group. Thus as the angle of kyphosis decreased the right to left lung volume ratio increased. Comparing the sex, there was no difference (P = 0.2278 unpaired t test) in RLV/ LLV ratio in both AIS and control group.
Discussion
Smith et al. [22] mentioned that the earliest demonstrable pulmonary change in asymptomatic AIS is a decrease of lung volume. They also stated that the decrease in lung volume is slight in asymptomatic adolescents, and severe in untreated adults with established respiratory insufficiency. Their findings were based on measurements of pulmonary function tests and there was no mentioning about how the individual lung volume (convex or concave side) is affected.
Loyd et al. [14] , Gamsu et al. [6] , Ogilvie and Schendel [19] attempted in past, to obtain the lung volume by using plain radiography. These initial studies were based on the measurement of surface areas of the lung fields; or combinations of linear measurements from the radiograms; or use of technique of summed elliptical cylindroids from plain postero-anterior and lateral radiograms. In these studies [10, 15] , three-dimensional data were interpreted from two-dimensional plain radiograms and these studies rely upon certain assumptions about shape and symmetry of the thoracic cavity. Also they could not explain the relationship between the degree of curvature and its effect on individual lung volume in idiopathic scoliosis. With developments in imaging technology, CT scan has been be used for measuring the lung volume in scoliosis [4, 8, 16-19, 22, 24] . These authors and Brown et al. [1] , Dougherty et al. [5] have shown that lung volume can be absolutely and accurately measured in scoliosis patients using CT scan.
However most of these studies were focused in assessment of post-operative increase or decrease in lung volume, to study the effect of particular implants or technique used in scoliosis correction surgeries [11, 20, 21] . None of these studies gave any idea about effect of degree of curvature to individual lung volume in idiopathic scoliosis patients.
The results ( Table 2 ) have shown that with increase in the degree of severity of the scoliosis (Cobb's angle) the concave side lung volume is decreased to greater extent as compared to convex side, as evident from the increase in ratio of convex to concave side lung volume, with the increase in the severity of the curve. In other words there is direct relation with increase in degree of curvature and decrease in the lung volume on concave side.
Although the increase in ratio was not statistically significant in mild and moderate group, it was definitely significant (P = 0.0042) for severe group (group C having Cobb's angle more than 40°), indicating again that concave side lung is affected to great extent as compared to convex lung, in this group.
The possible reason why concave lung is more affected than convex lung could be that concave side lung is compressed to great extent, or the space available is less for concave side lung, due to loss of the vertical height of the lung, on the concave side than convex side. Campbell et al. [2] while studying congenital scoliosis has stated that with progression of deformity, there is less space available for lung on concave side due to longitudinal growth inhibition. We think that, similar mechanism must be acting in idiopathic scoliosis where the vertebral height is decreased on the concave side due to greater pressure on the vertebral ring apophysis, resulting in decreased lung volume on concave side. Vertebral rotation also play a role in decreasing the lung volume suggested by Takahashi et al. [23] can be the other factor for decreased lung volume.
We found a significant degree of correlation between degree of rotation of apical vertebra, and convex to concave lung volume ratio (Fig. 5) . This shows that, as the rotation of apical vertebra (axial plane) increases, the ratio of convex to concave side lung volume increases; meaning thereby concave side lung volume is more affected (decreased) as compared to convex one, with the rotation of apical vertebra. In other words there is direct relation with increase in degree of rotation of apical vertebra and decrease in the lung volume on concave side.
We found a significant degree of inverse correlation between the angle of kyphosis and right to left lung volume ratio, as the angle of kyphosis increases the lung volume ratio decreases. The possible explanation to this is that as the angle of kyphosis decreases there is a progressive decrease in the distance between the sternum anteriorly and the spine posteriorly which gets translated into a progressive decrease in the lung volume, with the concave lung volume being more affected than the convex lung volume.
The strength of the present study include the fact that it was a cross-sectional study of a very homogenous population in terms of age (all aged between 10 and 22 years), and diagnosis (AIS with right thoracic curve King's type II or III). All patients were free from any respiratory complaint and had normal pulmonary function tests; thereby eliminating errors due to respiratory diseases. Another positive point was that, all the CT scans were performed on the same machine and volumes were calculated by the same person unaware of the purpose of the study.
We conclude, in asymptomatic AIS patients, with increase in degree of curvature and apical rotation the concave side lung volume decreases considerably than convex lung. On the other hand there is inverse correlation between the angle of kyphosis and convex to concave lung volume ratio indicating that as the angle of kyphosis decreases the concave lung volume is more affected than convex lung volume. This study may form a baseline for further studies on symptomatic scoliosis patients to anticipate and treat the respiratory complications effectively. Fig. 5 Relationship of, degree of rotation of apical vertebra, and ratio of convex to concave (right to left) lung volume, is shown here in scatter gram. There was significant degree of correlation between axial rotation angle of apex, and right to left lung volume ratio (=0.271; P = 0.0067)
